New Perspectives on QCD
from AdS/CFT

* Progress in hadron physics: Must confront the
structure of hadrons at the amplitude level!

* Proton is lightest eigenstate of the QCD
Hamiltonian with B=I, Q=I.

* AdS/CFT provides a remarkably simple picture of
the quark structure of the proton

* AdS/CFT: Anti-deSitter Space/ Conformal Field
Theory
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New Perspectives on QCD
from AAS/CFT

e LFWFs: Fundamental description of hadrons at
amplitude level

* Near Conformal QCD

* Holographic Model: Confinement at large
distances and conformal behavior at short
distances

* Model for LFWFs, meson and baryon spectra

¢ Quark-interchange and scattering amplitudes

Trento ECT* New Perspectives AdS/CFT
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

- Deeply Virtual Meson
production

Light Front Wavetunctions

Trento ECT* New Perspectives AdS/CFT
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Hadron Dynamics at the
Amplitude Level
* DIS studies have primarily focussed on

probability distributions: integrated and
unintegrated

e We need to determine hadron wavefunctions!
e Test QCD at the amplitude level!

* Phases, multi-parton correlations, spin, angular
momentum

Trento ECT* New Perspectives AdS/CFT
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt =17+ z/c

W(kaL)

HZ |y >= M2 |y >

Invariant under boosts! Independent of P"
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CD
HESPlwy) = M2 [wy,)

QCD __ T hid =
H o) B a | e s P

The hadron state |W;,) is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n) with an infinite number of
components

W (PT,P)) =
bl / [da; d2k 131y, p (@is ki Ai)
M,
it Bl

Z/[d% A2k 13 |9 n (@ kL A% = 1
n
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Solving the LF Heisenberg
Equation

* Discretized Light-Cone Quantization

* 'Iransverse Lattice

* Bethe-Salpeter/Dyson Schwinger at fixed LF time
* Use AdS/CFT solutions as starting point!

* Many model field theories solved

¢ Structure of Solutions known

Trento ECT* New Perspectives AdS/CFT
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Light Front Fock State Methods

In QCD the Hilbert space is constructed in

terms of a complete Fock basis of non inter-

acting constituents at fixed light-front time, T =1 —|—Z/C
where the amplitudes are n-parton light-front

wave functions v, /, corresponding to the ex-

pansion of color singlet hadron states

The light-front Fock-state wavefunction pro-
vides a frame-independent representation of
relativistic composite systems in QCD at the
amplitude level, in terms of quark and gluon
degrees of freedom which carry the symme-
tries within the hadrons.
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The Light-Front Fock

Expansion

\PaSz = 2 ‘Pn(xi,zu,xi) ln;iﬁnki >
n=3

The Light Front Fock State Wavefunctions
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W, (x;, ki, Ai)

are boost invariant; they are independent of the hadron’s energy

and momentum P*|
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Quantum Mechanics +
Relativity

Fluctuations in momentum, position, particle
number —- particle # cannot be determine

QCD: Hadrons Fluctuate in Size — >
* “Color Transparency”

Hadrons can pass through a Nucleus without
Interactions

Fluctuations in Flavor, Color, and Spin



Hadrons Fluctuate in
Particle Number

Proton Fock States
luud >, |uudg >, |uudss >, |luudcé >, |uudbb > - -

Strange and Anti-Strange Quarks not Symmetric
5(x) 7 5(x)

“Intrinsic Charm”: High momentum heavy quarks
“Hidden Color”: Deuteron not always p + n

Orbital Angular Momentum Fluctuations -
Anomalous Magnetic Moment



A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

- Deeply Virtual Meson
production

Light Front Wavetunctions
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5-13-0§ iy Stan Brodsky, SLAC



Structure functions: compute from square
of LFWFs

Form Factors: Owverlap of initial and final
LFWFS

Generalized Parton Distributions: Overlap of
initial and final LFWFs, dn = 0, 2.

Fixed Angle Scattering Reactions A+ B —
C + D: Overlap of four LFWEFS

Sivers Function, anomalous moments, EDM

Tre?-tl(;—%?T* New Persp ec:ves AT Stan Brodsky, SLAC



Form Factors {p— {'p' (p'A'| J* (0)|pr)

Scaling from PQCD or AdS/CFT
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Exact Representation of Form Factors using
LFEWFs

Hadron form factors can be expressed as a sum of overlap integrals of light-front
wave functions:

n J
where the variables of the light-cone Fock components in the final-state are given by
B = b + (1 - 2:) gL, (2)
for a struck constituent quark and
Klo=ki—2 4L, (3)

for each spectator. The momentum transfer is ¢*> = —¢% = —2P - ¢ = —Q*. The
measure of the phase-space integration is

{dxz} 7 ﬁ jl/% 0 (1 T i@) : (4)

=1

i n B2k £114
oyl L 3 Li £(2)
[d /«M} — (167 )7;”1 il (;l /m). (5)
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Weak Exclusive Decay Q

(D|J* (0)|B) W il
V
B — ]
D
Y
n=n +2
h v
B i B C ¢
% I W >‘D'l' i T D
Y, 9 Y, Whyo g W,

Annihilation amplitude needed for Lorentz Invariance
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Deep Inelastic Lepton Proton Scattering

Imaginary Part of
Forward Virtual Compton Amplitude >

g(x,0%) = p [0 dPh [Walx ko)

e L : 1.
q Light-Front Wave Functions v, (x;, k|, \;)
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Vector Meson
Leptoproduction
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(p' N[ " (2) J¥(0) [p )

Large — g° = Q2

0 k
q
* / b q
{0l ' 4
!
Given LFWFs, = %‘goﬁr'k
compute all DFGPIY
GPDs ! 18 QUi Virtual
Wn Wn Compton
) Scattering
n=n +2
’
ll)n+2 1pn
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Access GPDs through x-section & asymmetries

DIS measures at £=0

Quark distribution q(x)

-q(-x)

W. Burkert - 0.5



Light-cone wavefunction representation of deeply
virtual Compton scattering *

Stanley J. Brodsky ?, Markus Diehl !, Dae Sung Hwang °
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Example of LFWF representation
of GPDs (n=>n)

1 Al — A2
E 1% ’ 9t
T—¢ M (n n)(xé' )
Atk ity e AN i i L
= (V1 — 2: H 16n81—§:x 8()§:k-

— - - 1 T -
Hke xll_ ; , Kl ==L T _xl A for the struck quark,
ey - - 1 =
xle_lc, ki,-=kﬂ—|—1_l§AL for the spectators i =2, ..., n.
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Example of LFWF representation
of GPDs (n+1 => n-1)

1 Al —iA?
T—¢ 2M

3—n filsk dx,- dzl;u 3 [Lilt) ) n+l 1
= (v1-2¢) E /l_[ 163 1o~ 1 — E xXj]o E ki
A j=1 il

x 1678 (xp41 +x1 — £)8@ (/z¢n+1 ki — ZL)
X 8()(: 18 xl)‘(ﬁg’\/l*_l) (-xl{, klla )\,)lﬁ(in_H) (xia kJ_ia )\'i)a)\l_)\n—i—l :

E(n+1—>n—1)(x’ ¢, t)

where i =2, ..., n label the n — 1 spectator partons which appear in the final-state hadron
wavefunction with

Xi T

AN

g feans { ]_{)/:I_{)
A 1t it J"l—l_l—é'
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* LFWFs boost invariant

* Direct connection to form factors, structure
functions, distribution amplitudes, GPDs

* Higher Twist Correlation

* Orbital Angular Momentum

* Sum Rules

* Validated in QED, Bethe-Salpeter

» DLCQ

Trento ECT* New Perspectives AdS/CFT
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Test J=o0 Fixed Pole: s” do/dtly p —yp) = FZO (t)
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FIG. 5. (a) A test of the dimensional-counting prediction for Compton scattering. The solid line is the prediction of
Scott (Ref. 6) at asymptotic s and £. (b) A test for existence of J=0 fixed pole in the Compton amphtude (see text). The
solid line exhibits -4 dependence.
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Cornell Measurements of Compton

Scattering
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10' b E
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FIG. 6. Compton-scattering cross sections at constant
t and at constant 6*, The straight lines are fits to the
data. The fits shown here have no energy cuts.



Form Factors {p— {'p' (p'A'| J* (0)|pr)

Scaling from PQCD or AdS/CFT
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Hadron Distribution
Amplitudes

P(z;, Q) = I_I fQ dsz_ Y (x;, kJ_z)

¢ Fundamental measure of valence wavefunction

* Gauge Independent (includes Wilson line)

Lepage; SJB

o ' ' E
Evolution Equations, OP e R A skin

* Conformal Expansion

* Hadronic Input in Factorization Theorems

Trento ECT* New Perspectives AdS/CFT
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Proton Form Factor

1.0 -
<r'%‘ |
o) Conformal Behavior : #2F;(t) = const
E;_ N=3 7
u 0.5 e N=3,4,5 .
- —-— GRVwitha,=1.3a
o F.°(t) (Sill et al.)
o Gy, (t) (Sill et al.)
0 5 10 15 20 25 30
-t (GeV?)

P. Kroll
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PQCD prediction:

Ji, Ma, Yuan
2 ! 3
2 Contribution from nonzero
FQ(QQ) ? QCD ln i orbital angular momentum L, = +1
F(Q<) QO 5 il
~=1FCBE @490 s Chiral Soliton = VMD + pQCD
— Bijker & lachello (2004) _._ OGE CQM
! | ' | ' l ' | ! | ! ! ' |
90'16 __‘ PROTON V JLab E04-108 (projected) __
KL O 14 B JLab 12-GeV Upgrade (projected)
Tn

o L OJLab E93-027

~oe
—
.\.
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L]

= 0.06 |HOJLab E99-007 1 | | A= O.3|0 GeV/cl_
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Counting Rules: BEF, MMT
g(z) ~ (1 — x)2spect=1 for z — 1

F(Q%) ~ (&) D

(AB—>C’D)~ Pl

partzczpcmts
Nparticipants — T A +np+nc+np

(1—zp) (2ngpectators—1)

(AB — CX) ~ F(¥/3) x -

d3 P / E ( p%) (nparticz'pants

Rules follow if theory is
conformal at short distances

Trento ECT* New Perspectives AdS/CFT
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Fig. 5. Cross section for (a) yy—nT7~, (b) yv—KTK~ in the c.m. angular region
|cos 6*| < 0.6 together with a W% dependence line derived from the fit of s|Ryy|.
(c) shows the cross section ratio. The solid line is the result of the fit for the data
above 3 GeV. The errors indicated by short ticks are statistical only.
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16ma, ! O (x, 0 )3 (3, 0,)
Fas)= 3 f dx dy x(I=x)y(1—y)

when ¢y (x,Q) =@ (1 —x,0) is assumed.” Thus much of fhe dependence on ¢(x,Q) can be removed from:
M 3, by expressing it in terms of the meson form factor—i.e., \

Moy [ ((e1—ex))
=16maF)(s) )
J/__] TaTMS | 1—cos’0, .
'ﬁ+_ ‘ [ ((61—32)2>
=16maF 2 Oc.m.;
‘//{—+] T M(S) | 1—cos26c.m, + (6’132 >g[ c.m. ¢M]

up to corrections of order a, and m?/s. Now the only dependence on ¢,,, and indeed the only unknown
quantity, is in the 6-dependent factor

fld ) d1(x, Q)03 (3,0) a[y(1—y)+x(1—x)]

(6. o] Y x(—xp(l—y) 42 —b%cos?0, .
glVem sPMmIl= ’ .
" f du(x,0)by(3,0) \
dx dy
x(1—x)y(1—yp)
The spin-averaged cross section follows immediately from these expressions
d 2 d 1
=== - 2 | A2 |?

dt s dcosO,,, 161'['52 4 %

2| Fu(s)
S

g[9c.m.;¢M] |

=167

2[ ((ey—e))?)?  2(ejey){(e;—ey)?)
( -+

1—cos?0, ., )? 1—cos’0, m.

4 2(6132 >2g2[0c.m.;¢M]
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do 16ma” | Far(s)]?
MTM™) =
d|cos 6% i )
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Fig. 4.  Angular dependence of the cross section, oj'do/d|cos 6*|, for

the 777 (closed circles) and K* K~ (open circles) processes. The curves are
1.227 x sin~* #*. The errors are statistical only.

Measurement of the vy — 777~ and
vy — KTK~ processes

at energies of 2.4-4.1 GeV

Belle Coﬁ@ooration



Critical Test of PQCD vs. “Handbag” $jb, gpl

Ao(yy — n'n’)
Ao(yy — o)

I I I
0% | =
(a) pA E E
(1-x) pA fry 10° =
> o 3
(1-y)p 3 - yy—mm A
_8 - —
- ! yy—momre ]
b'~—-
pB T = .
(b) : , ‘ % 3 (c) E
: (C)\ :
N ‘ - (a) 7
o :(b) .
FIG. 1. (a) Factorized structure of the yy—MM = l | | | =
amplitude in QCD at large momentum transfer. The o o] 0.2 0.4 0.6 0.8 1.0
Ty amplitude is computed with quarks collinear with 22 = cos2 ()

the outgoing mesons. (b) Diagram contrlbutlng to Ty

(yy—MM) to lowest order in a. FIG. 3. QCD predictions for yy—sm to leading or-

der in QCD. The results assume the pion-form-factor
parametrization F,(s)~0.4 GeV2/s. Curves (a), (b), and
(c) correspond to the distribution amplitudes ¢,
=x(1—x), [x(1—x)]'4 and 8(x — % ), respectively.

Handb ag mOdel (Dlehl’ Kr()ll et al ) negleCtS Predictions for other helicity-zero mesons are obtained
el X 62 Cross tel’mS by multiplying with the scale constants given in Table I.

9



i il bl

vy — 00

Critical discriminant: Handbag vs.PQCD
Yy — KTK—
i D

~*~ — HH Timelike DVCS!
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Hidden Color in QCD

* Deuteron six quark wavefunction: Lepage, Ji, sjb

* 5 colorsinglet combinations of 6 color-triplets —
one state is|n p>

* Components evolve towards equality at short
distances

e Hidden color states dominate deuteron form
factor and photodisintegration at high
momentum transfer

¢ Predict CZT(;(Yd — ATTAT) ~ o (Yd — pn) at high 0°

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 41 Stan Brodsky, SLAC



Vv

Hidden Color
Fock State
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Evolution Equation for
Deuteron

Distribution Amplitude § x 1 Column Matrix
n p at large distances
Equal weights at short distances

Hidden Color: First principle prediction of QCD

G.P. Lepage, C. R. Ji, SJB

i



The evolution equation for six-quark systems in which the constituents have the light-cone longitudi-
nal momentum fractions x, (i=1,2,...,6) can be obtained from a generalization of the proton (three-
quark) case.? A nontrivial extension is the calculation of the color factor, C,, of six-quark systems®
(see below). Since in leading order only pairwise interactions, with transverse momentum @, occur
between quarks, the evolution equation for the six-quark system becomes {[dy]=6(1 - 235,35, [I5-:14y,
Cpo=(n2-1)/2n,=%, B=11-2n,, and n, is the effective number of flavors }

T x| 2+ 362 | 5 -G
1 g7 + 5% | 8000, @)= =34 [ 1@V (5,9) 80, @),

B [9%dr? o 1. ( 10(Q 2/A?)
E(Q )_-Z;T-.I;OZ b2 as(k ) ln<ln(Q02/A2)>o

6 6 6 Y Ghi}?’ A
Viv,y)=2 T %, 3 0(y, —x,) I 6(x,=,) iy, )

R=1  i#j 1 #i, j X \X;tX; V=X

where 8, 5 = 1 (0) when the helicities of the constituents {i, j} are antiparallel (parallel). The infrared

singularity at x,=9; is cancelled by the factor A&(y,,Q)=®(y;,Q) - &(x;, Q) since the deuteron is a
color singlet,
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Quantum Chromodynamic Predictions for the Deuteron Form Factor

Fi@?)= [, lax]lay)e,'(v,@)
X TP %x,y,Q)¢,(x,Q), (1)
where the hard-scattering amplitude
Tyt 7"~ =[a,(Q2)/Q2]|5t(x,y)
x [1+0(a,(Q2))] (2)

gives the probability amplitude for scattering six
quarks collinear with the initial to the final deu-
teron momentum and

(pd(xi’Q)ockai<Q[dzkl]d)qqqqqq(xi’i:.l_i) (3)

P P+q

¢(X.Q) ¢(Y,Q)

FIG. 1. The general structure of the deuteron form
factor at large Q2.

e ref: Lepage, Ji, sjb



QCD Prediction for Deuteron Form Factor
0 T3 (0 T oot 2]

Chertok, Lepage, Ji, sjb

« ” % " N L 1(0) .
Define “Reduced” Form Factor ~ 4ol 10 Mev i
] - ¢ | GeV

fol @)= Fa S o

© FAQ
FN Q 4) N‘% 0.2 -
S o |-
Same large momentum transfer =
behavior as pion form factor S E——

Q2 (Geve)
FIG. 2. (a) Comparison of the asy(n%;:oti;: QCD pre-
oy ' diction £, @9 (1/@ 9 1In Q%/AY]~1"@/9CF/B with final
o (QZ) Q2 ( 2/5 ) CF /B data of Ref. 10 for the reduced deuteron form factor,
where Fy(@?9 =[1+Q?2/(0.71 GeV)] %, The normaliza-
QZ A2

fd(QZ) ~

tion is fixed at the Q 2= 4 GeV? data point. (b) Compari-
son of the prediction [1 + (@%/m )] f,(@)=<[In @2/
AY]-1-?/5 Cr/B with the above data. The value m

46 = 0.28 GeV? is used (Ref. 8).
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Deuteron Reduced Form Factor

~ Pion Form Factor X 15%

10-2004
2763A18
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15% Hidden Color in the Deuteron
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Resembles pion
form factor
times 15%

High Energy Diffraction



Hidden Color of Deuteron

Deuteron six-quark state has five color - singlet configurations,
only one of which is n-p.

Asymptotic Solution has Expansion

Yie1{ss} = ("é")l/z Yyn+ ,445,)1/2 Y ant (%)1/2 Yec

Look for strong transition to Delta-Delta



Counting Rules: BEF, MMT
g(z) ~ (1 — x)2spect=1 for z — 1

F(Q%) ~ (&) D

(AB—>C’D)~ Pl

partzczpcmts
Nparticipants — T A +np+nc+np

(1—zp) (2ngpectators—1)

(AB — CX) ~ F(¥/3) x -

d3 P / E ( p%) (nparticz'pants

Rules follow if theory is
conformal at short distances

Trento ECT* New Perspectives AdS/CFT

5-13-0§ T Stan Brodsky, SLAC



s’do/dt (10°GeV' nb/GeV?)

Test of PQCD Scaling

YP—=T N

e JLab E94-104

* Fujii et al (1977)
A Anderson et al (1976)

— SAID (2002)

O Fischer et al (1972)

- MAID (2001)
b %

5 2 25 3 35
Vs (GeV)

s’do/dt(yp — wn) ~ const
fixed B¢y scaling

PQCD and AdS/CFT:

§'tor 26ZC’(A—I—B L (R =
FA+B—>C—|—D(6CM)

s"%(yp — w'n) = F (Ocy)

ntot: 1+3—|—2—|—3_9

Possible
substructure at
strangeness and

charm thresholds
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FIG. 6. s da/di versus coad* for the reaction yp
—w'n. The solid lne shows the empirical function
(1-2)F{1+2) where {z=cos6*), which is an empirical
fit to the angular distribution.
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do/dt (nb/GeV?)

Deuteron Photodisintegration & Dimensional Counting Rules
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PQCD and AdS/CFT:

sha—249(A+ B — C+D)
Fairp—cip(Ocm)

11d0(

yd — np) = F(6cpy)

Rior — 2 =

(1+6+3+3)-2=11

New Perspectives AAS/CFT

Stan Brodsky, SLAC



s''do/dt (Kb GeV*®)

(@)
T

Deuteron-

Photodisintegration

L 30° s 0 <40°
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PQCD and AdS/CFT:

sha=249(A+ B — C+D) =
FA+B—>C+D(6CM)

lldc(

yd — np) = F(Ocuy)

Mot — 2 =

(1+6+3+3)-2=11



* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np
do _ F(t/s)

dt = gNtot—2

Ntot = 1 +6 +3 +3 =13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 56 Stan Brodsky, SLAC



Why do dimensional

counting rules work so well?

e PQCD predicts powers of o, logs, pinch

contributions
* QCD coupling evaluated in IR regime!

e Conformal behavior at short distances,
confinement at large distances: AdS/CFT

Trento ECT* New Perspectives AdS/CFT

5-13-05 4 Stan Brodsky, SLAC



QCD Coupling

o What is the behavior of o S(Q) at low momentum?

* QED, EW -- define coupling from observable,
predict other observables

o How can DIS give information on « S?

Trento ECT* New Perspectives AdS/CFT

5-13-05 8 Stan Brodsky, SLAC



QCD Effective Coupling from
hadronic T decay

= 2 I | I T I T I I | I | I | i T I T T T I I |
A e PR R R R E ST "
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Define QCD Coupling from
Observable

RO 1 Bl el S0

M(r — Xev)(m2) = Mo(7 — uder) x[1- aT(;ng)]

Relate observable to observable at
commensurate scales

Trento ECT* New Perspectives AdS/CFT

5-13-0§ o Stan Brodsky, SLAC






e Define effective charge (Grunberg)

& delgin(e, @) —g1,(z, @2)] = 94(1— 2@,

* 15209:1(Q%) = B(Q?):
standard QCD evolution

.
3 A o rdlah
e (o, 81 universal a B pQCD evolution eq.
1 e [1 & /n BLACEIES

5 Y /7 OPAL
o Connect oy, (Q<) to other observables ¥ o e

s,
via Commensurate Scale Relations 0.8 |- f <o-e--Burkert —loffe

! GDH canstrain

o Eliminate ag;. . I:’a
0.4 —

A. Deur, et al i

Preliminary L

0 (GeV)



e Generalized Crewther Relation G.Gabadadze,H.J.Lu,A.Kataev,

[1— w] % [1 + aR7(TS*)] — 1 J.Rathsman,SJB

at s* = CQ°=.

|
. . > A o/ dlab
e Exact at leading twist. S B £QCD evolution eq.
i PR [0 bz /w SLACEISS
e NoO scale ambiguity! : Y o/ OPAL
¢ % X s /T
. 0.8 > ------- Burkert—loffe
e Extraordinary Test of QCD 4 B b
Ogq (QQ) 0.6 £ I |
B i

= L7 Preliminary
Analytic at quark thresholds. £
%

10 1 10
G Q (GeV)
b



Spacelike Pion Form Factor

Amendolia t+e elastics
Ackermann et al.

Brauel et al. (VGL)

Bebek et al.

JLab E93-021

JLab @ 12 GeV (projected errors)

~
I

X

°

A
4143
$ |
.

1 lowest order
iR <+« PQCD

" e Resummation?’
Q’(GeV/c)®

Figure 11: Projected measurements of the pion electromagnetic form factor, F,(Q?), made possible
by the proposed 12 GeV Upgrade. Also shown are various model predictions for its behavior in the
region Q2 ~ few GeVZ. Perturbative QCD predicts Fy ~ 1/Q? for Q? — oo.

PQCD LO Normalization depends on
value of as(Q?) at small Q*> = (1/20) Q?!

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 4l Stan Brodsky, SLAC



In practice: QCD: Approximately conformal
Phenomenological and theoretical evidence:

as(Q?) : IR Fixed Point — nearly constant in
infrared Alkhofer, et al.

Typical BLM scale (Pion Form Factor)
A2 — .—5/3 I
P=e5B<cl-2)1-9)>Q%>~%

Running coupling typically evaluated at
modest scales.

C. I1, Robertson, Pang, SJB

Tre?—tl(;—%?T* New Persp ecgves AT Stan Brodsky, SLAC
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Conformal symmetry:

Template for QCD

* Initial approximation to PQCD; correct for non-
zero beta function

e Commensurate scale relations: relate observables
at corresponding scales

o Infrared fixed-point for o

* Effective Charges: analytic at quark mass

thresholds

* Eigensolutions of Evolution Equations
Trento ECT* New Perspectives AdS/CFT

5-13-05 67 Stan Brodsky, SLAC



Why is Conformal Theory

Relevant?

* Dimensional scaling of exclusive processes
implies QCD is approximately conformal

* PQCD is conformal when § =0

* Evaluate gluon exchange at small eftfective scales
where a . Is approximately constant

* Apply AdS/CFT

Trento ECT* New Perspectives AdS/CFT

5-13-05 68 Stan Brodsky, SLAC



Near-Conformal Behavior of
LEWFs Lead to PQCD

Scaling Laws
* Bjorken Scaling of DIS

* Counting Rules of Structure Functions at large x

* Dimensional Counting Rules for Exclusive
Processes and Form Factors

e Conformal Relations between Observables

* No Renormalization Scale Ambiguity

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 60 Stan Brodsky, SLAC



Why is large  Important?

e Sensitive to details of hadronic structure
valence, sea quark, and gluon distributions

e Detailed predictions from PQCD and AdS/CFT

e Helicity Retention & Spectator Counting
Rules

e DGLAP must be modified:
quenched at z — 1

Trento ECT* New Perspectives AdS/CFT

5-13-0§ b Stan Brodsky, SLAC



e Measure behavior of proton LFWF Farrar,Jackson

at large zy; Gunion
Lepage,SJB
e Strong function of quark spin projection Burkardt, Schmidt,SJB
relative to proton spin projection Ji,Ma,Yuan
PQCD:

Q'
g(z) ~ (1 —12)3 S¢ = S ) /
Y*
q(z) ~ (1 —x)° §2= 5% u S lLLt

Traditional PQCD Method P
Iterate QCD Kernel AT

\_

o
V%

J N\

Tr e?_tI(; _I?)?T* New PCI‘Sp CC;iVCS AdS/CFT Stan Brodsky, SLAC



Why is PQCD Relevant?

The spectator system has a timelike mass
(P~ k)2 = MZ... >0

The struck quark is far off-shell:

k2 +M?2
DK LIDL 1 s 240 b Lo AR R spect
kp —m< = z[Ms — M| ~ r

0
Thus kl% — —oo for zp; — 1. M

4-2005

Lepage, SJB 8716A1

Trento ECT* New Perspectives AdS/CFT

5-13-0§ i) Stan Brodsky, SLAC



PQCD Analysis at LO

e Four hard propagators, two compensated
by numerator factors

0
o PQCD interactions valid at [k?| > Agqp M

Same regime as DGLAP il
e Cannot postpone PQCD validity \ LN é &
: | a3
l i i f 4-2005
e Duality with Exclusive Channels 8716A1

| 1 2
at fixed W2 = G=2C% for 5 (2, Q2), o1 (=, Q2)
e Suppression at x — 1 if L, #= 0.

Lepage, SJB

Trento ECT* New Perspectives AdS/CFT

5-13-05 it Stan Brodsky, SLAC
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Higher Twist Essential at x — 1

Valence quark distributions in the pion

¢=(z) ~ (1 —x)°

Higher twist term:

3557419

% (longitudinal polarization)

Dominates Drell-Yan reactions at large z g

d:UFdCOSQ(ﬂ-p — ] X)

x (1 —z5)2(1 4+ cos?0) + %(sinQ 0)

Tre;l_tI(;_lggT* New Persp eC:VGS Lau SR Stan Brodsky, SLAC



0.6

0.4

e o

Q%= 1.5 GeV?

® JLab Hall C
SLAC
NMC

Q? = 8 GeV?

O Hall C at 11 GeV (projected)
SLAC

0.08

0.06

LL — 0.04
02
| 0.02
0 ! ! ! ! - 0
i 2 2 2 2
Q°=1.5GeV Q° =8 GeV
o I —{ 0.008
T —— MRSTNNLO +TM —— MRSTNNLO + TM e
4T I J: --- SLACDIS FIT :
LL 1L

0.05

TR
-~N
f L~ 1 %\%\% — 0.004
) — 0.002
S Q
~~~ 1 -
0 ] 1 ] 1 ] 1 ] S~ ] ] ] 0

Figure 16: The potential of the 12 GeV Upgrade for exploring quark—hadron duality in the nucleon
structure functions Fs (upper row) and Fp, (lower row). The left panels show the Hall C data taken
at 6 GeV, the right panels the projected high-x and high-Q? data at 12 GeV.

(1—2z)3 atlarge z
dual to
t2Fy(t) = const

Trento ECT* New Perspectives AAS/CFT
571370§ 76

Duality at fixed W
at large t

Stan Brodsky, SLAC



Why is PQCD Relevant?

rp; — 1 Is A Far Off-Shell Domain of The

Hadron Light-Front Wavefunction v¥n(z;, k|, A;)

i=1%i =1

T hus Tpj — 1 implies x; — O for all spectators

Thus z,; — 1 requires k* — —oo
since k2 + m? # 0.

Trento ECT* New Perspectives AdS/CFT

5-13-05 . Stan Brodsky, SLAC



PQCD:

Valence quark distributions in the proton

Nspectator — 2

¢t (@) ~Q-2)° S;=5;
¢ (@) ~(1-12)> Si=-8;
Sea quark distributions ngpectator = 4

¢t (@ ~QA-2)" S;=353

g (@)~ Q-2 Sf=-5

Trento ECT* New Perspectives AdS/CFT

2 05 -8 Stan Brodsky, SLAC
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SU(6)
SU(6) Flavor-Spin Symmetry: a d/u=1/2\._0-7
| N 0.6
s T i T . g a
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Thus du=15 [93
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World data for A,

Proton Neutron
1 pQCD 1 — pQCD
roken SU(6) 1 E142(°Hq¢ Broken SU(6)
[ v HERMES [ o E143(3H)
f 0.8 - o E154(3He)
i [ o E155(2H(g1/F1))
08| * E':/'f R 0.6 [ & smeer
i 3 _ ‘O ' 6 HERMES(3He)
| & E155(g1/F1) % I ;
06 |- % '

% 4;
it 4 SU(6)
%‘
{ -] i g Symmetrlc

04 :- I g% i ﬁ ] 1 [ ) 81 ) [ SU(6) symmetrig
1 g
04F {
0.6
R, T - [N RN R (T T S SR N [ _0.8:1.1111...Il.”ll...l.llllll..l...ll.l..l.ulll.l.
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
€T i
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Conflict between DGLAP and Exclusive/Inclusive

Duality DGLAP:

2
Fz(x,Qz) SRRSO

P(E)

tion

~ 2 9 Cr y ar? 2 2
E(Q7,k7) = f —5 as(i‘, ) ~ 0(log log Q7)
)

m

NAZ! +E(0?,k%)
' ) P(E)



Application of DGLAP is incorrect. Kk

Struck quark is off-shell at fixed W2

where m is the mass of the spectator system.

4C o (kz)
F log s
11-2/3 ng aS(Qz)

¥

C 2

=> _F o (QZ) log( A ) at fixed ullz, Q2*°°.

T s >2
kT + m

i.e.: E actually vanishes as 1/log Q2 in the fixed le domain.

2
P 0D~ (m0V PE@ED b

Exclusive-Inclusive Duality Valid

Trento ECT* New Perspectives AdS/CFT

BRIO5 35 Stan Brodsky, SLAC



3+5Q%, KD 4 )
S X

P (6,0 ~ ¢(@® (1-x)

3

(™12
. [Z aj(log ki/!\z) J

Trento ECT* New Perspectives AdS/CFT

BRIO5 $3 Stan Brodsky, SLAC



Why is large x Important?

1

e Higher-twist subprocess enhanced: A=2)P

e EXxclusive-Inclusive Duality
e Intrinsic heavy quarks at large x

e Utilize maximal energy of beam:
e.g., forward Higgs production

Trento ECT* New Perspectives AdS/CFT

5-13-05 84 Stan Brodsky, SLAC
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Conformal symmetry:

Template for QCD

* Initial approximation to PQCD; correct for non-
zero beta function

e Commensurate scale relations: relate observables
at corresponding scales

o Infrared fixed-point for o

* Effective Charges: analytic at quark mass

thresholds

* Eigensolutions of Evolution Equations
Trento ECT* New Perspectives AdS/CFT

5-13-05 36 Stan Brodsky, SLAC



* Light Front Wavefunctions:

‘\Ijh(P+>ﬁJ_)> = Z/ dz; d*k ] ¢n/h($z‘7g¢z‘, X) |z P 2P+ kg, M)
n,\;

Conformal
Behavior: | 1 g
7. ¢
Un/ n(kL) — (ko) E_Q
Model Form from PQCD SIRE
or AAS/CFT :
[ 7 nt|lz| -1

U n (T4 EL IIe NG (9s Nc)%(n—l) nl:[l(k,i)llzil A, +1

n/ ) () 19 “21 WO i ’LJ_ ki +m _|_ Ag_




Key Quantity of Nuclear and
Hadron Physics

Proton-Proton
Scattering

Trento ECT* New Perspectives AdS/CFT

5-13-05 38 Stan Brodsky, SLAC
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F(t/s)

92 (pp — pp) = —5rkos

| I T-EX | i W PR TR R

0" 75"

.7 In"!'ﬂ -

|'D-l' fi -1 la"'!l

i ~io-32

[ el o =

103 Ll i} L L1 L Ll Ll |j]”|m-1'-4
S«I5 20 3040 60 BO s«!15 20 3040 6080 S«I1520 3040 &0 BO

'-..'II o
Figure 22. Test of fixed fcp scaling for elastic pp scattering. The data compilation is
Landshoff and Polkinghorne.

135adia

Trento ECT* New Perspectives AdS/CFT
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Compute LEWFs from First
Principles

* Very difficult using Euclidean lattice

* Discretized light-cone quantization: Diagonalize
light-cone Hamiltonian

* Bethe-Salpeter Dyson-Schwinger Eqns

¢ Transverse lattice

* AdS/CFT guidance

DIS 2005 DIS Summary

Stan Brodsky, SLAC
4-30-0§ 91
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5-Dimensional 4-Dimensional

Anti-de Sitter Flat Spacetime
y‘.pacetlme (hologram)
| Black Hole

Superstrings —

Conformal Fields —j

Trento ECT* New Perspectives AdS/CFT
571370§ 94

Stan Brodsky, SLAC



AdS/CFT and QCD

* Non-Perturbative Derivation of Dimensional
Counting Rules (Strassler and Polchinski)

* Light-Front Wavefunctions: Confinement at
Long Distances and Conformal Behavior at short
distances (de Teramond and Sijb)

* Powerlaw fall-oft at large transverse momentum,
X > 1

* Hadron Spectra, Regge Trajectories

Trento ECT* New Perspectives AdS/CFT

5-13-0§ i Stan Brodsky, SLAC
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AdS/CFT

Use mapping of SO(4,2) to AdSs

Scale Transformations represented by

wavefunction W(r) in §th dimension
:c/%—>)\2:1:2 R =

Holographic model: Confinement at large
distances and conformal symmetry at short

ST N

1 1
distances 0<2<20= s, m>10= AocpR?

Match solutions at large r to conformal
dimension of hadron wavefunction at short

distances
»(r) — r~2 at large r, small z

Truncated space simulates “bag” boundary
conditions R U RS



AdS/CFT

* Light-Front Wavefunctions can be determined by
matching functional dependence in fifth
dimension to scaling in impact space.

° 2207 — (d— 1)z 0, + 2> M* — (uR)?] f(2) =0,

* Relative orbital angular momentum

* High transverse momentum behavior matches

PQCD LFWF: Belitsky, Ji, Yuan

Trento ECT* New Perspectives AdS/CFT

5-13-0§ o8 Stan Brodsky, SLAC
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Trento ECT™
§5713-0§

Match fall-oft at large r to
Conformal Dimension
of State at short distances

Truncated AdS_j5 space
I'o = AQCDR2

Y(ro) =0

o G

A HH N I

I

New Perspectives AAS/CFT

I00

Stan Brodsky, SLAC
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8 (a 5
6 |- _|
e
AdS/CFT o e - ]
One Parameter
Baryon
SPECtroscopy 2 -t Miw 1 Agep=0.22GeV
> ° N (1520)
8
y ]

° A (1700)
A (1620) ——— S=12
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1-2005
8694A7 L

FIG. 2: Predictions for the light baryon orbital spectrum for Agcp = 0.22 GeV. The lower curves

corresponds to baryon states dual to spin—% modes in the bulk and the upper to states dual to

3

T G. F. de Teramond and S. J. Brodsky,
102 arXiv:hep-th/0501022.



AdS/CFT Meson

Spectroscopy

p (1700)

3 (1690)

- 1, (1270)
o 8.1 (1 260)

o
N
N

1-2005
8694A10 L L

FIG. 1: Light meson orbital states for Agcp = 0.263 GeV. Results for the vector mesons are shown

in (a) and for the pseudoscalar mesons in (b). The dashed line has slope 1.16 GeV? and is drawn

for comparison.

G. F. de Teramond and S. J. Brodsky, ““The hadronic
spectrum of a holographic dual of QCD,” arXiv:hep-
th/0501022.

Tr C;l_tI(; _%?T* New PCI‘Sp CCIi;isVCS AdS/CFT Stan Brodsky, SLAC



Features of

HolographicModel

* Ratio of proton to Delta trajectories= ratio of
zeroes of Bessel functions.

¢ Only one scale AQCD determines hadron

spectrum (slightly different for mesons and
baryons)

* Only quark-antiquark, qqq, and g g hadrons

appear at classical level

* Covariant version of bag model:
confinement+conformal symmetry

Trento ECT* New Perspectives AdS/CFT

5-13-05 ) Stan Brodsky, SLAC



AdS/CFT

* Light-Front Wavefunctions can be determined by
matching functional dependence in fifth
dimension to scaling in impact space.

2207 — (d— 1)z 0, + 2> M* — (uR)?] f(2) =0,

* Relative orbital angular momentum

* High transverse momentum behavior matches

PQCD LFWPE: Belitsky, Ji, Yuan
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de Teramond, SJB

The form is compatible with the scaling prop-
erties predicted by the AdS/CFT correspon-
dence including orbital angular momentum.
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Impact Space

Representation of
LEWFs

We define the total position coordinate of a hadron or its transverse center of
momentum R in terms of the energy momentum tensor 7"

= I

RJ_ P+ sl /d TJ_T++ (6)

In terms of partonic variables:
v = By + gu‘, (7)

where the variables 7| ; are the physical coordinates and b | are the frame-independent
internal coordinates. Thus, BiE = (ke et | b L b =K 0)

Trento ECT* New Perspectives AdS/CFT
571370§ 108

Stan Brodsky, SLAC



Normalizable string modes representing mesons states in AdS follow from the
solution of [8]

(2207 = (d=1)z 8, + 2> M* + (uR)* +d — 1] f(2) =0, (32)

where ®(z,2) = e""F* f(2), with P,P* = M?. We impose truncated space boundary
conditions ®(x, z,) = 0. The normalizable modes are

O, 12l 2) = Oy e P2y (28a M ooD) s (33)

witha =14+ L (d =4), M = BAgcp. Thus

s el i

with B a constant. If we impose the condition:

¥ (@16 =) =0, (35)

then
¥(x,0) = v(x)x(b), (36)

To first approximation we determine 7(x) from the x — 0 and x — 1 limits, thus
v(z) = (1 — ). We obtain for ¢(x,b)

T, (bM)

Y(z,b) = Cz(l — ) W

(37)

The two-parton state including orbital angular momentum ¢ and radial modes is:

Uiy (60, A en)

Bl T b= (] ) ; !

(38)
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Holographic

LEWEF AdS/CFT

b 4m 7

Figure 1: Ground state light-front wavefunction in impact space ¢ (x,b) for a two-
parton state in a holographic QCD model for n =2,/ =0,k = 1.

GdT & Sjb (preliminary)

Trento ECT* New Perspectives AdS/CFT

5-13-0§ (i Stan Brodsky, SLAC



Figure 2: First orbital exited state light-front wavefunction in impact space 1 (x, b)
for a two-parton state in a holographic QCD model forn =2,/ =1,k = 1.

Trento ECT* New Perspectives AdS/CFT

5-13-0§ it Stan Brodsky, SLAC



GdT & Sjb

P(x,0) (n=2,0=0,k=2) (preliminary)

Figure 3: First radial exited state light-front wavefunction in impact space ¢ (x, b) for
a two-parton state in a holographic QCD model for n =2,/ =0,k = 2.

2



Two approaches to evaluating LFWFs at Short
Distances

(@i kL g, M)
k% >> Ajop and/or z; — 1
e Use PQCD (minimally connected tree graphs)

e AdS/CFT (duality between string theory
and conformal field theory)

In practice: QCD: Approximately Conformal

Trento ECT* New Perspectives AdS/CFT

i 05 - Stan Brodsky, SLAC



Use PQCD to analyze LFWF at high x or
large k< :

Central Behavior:
AQcp (n—1)
@Dn(fﬁia kJ_ia )\i) Oy [M—%]

k2 +m?

M%Ezyzﬂ p )z

Modified by Orbital angular momentum fac-
tors Eﬁz

Trento ECT* New Perspectives AdS/CFT

2 05 o Stan Brodsky, SLAC



Truncated Space Model

In AdS space the form factor is the overlap integral of the normalizable string modes
dual to the incoming and outgoing hadron ®; and & and the non-normalizable mode
J, dual to the external source:

nillida
F(Q*)-r = R3+20/0 prvE P2 D p(2) J(Q, 2) D1(2) (18)

tHildg
i R3+20/0 Tt Cr(2) J(Q,2) Pr(2),

where o represents the hadron spin. The non-normalizable mode J has the limiting
value 1 at zero momentum transfer to recover hadron normalization, F'(0) = 1, and
has as boundary limit the external current. Thus

lim J(@Q, z) = lim J(Q, z) = 1. (19)

Q—0 z—0

Consider a specific AdS mode corresponding to an n partonic state ®™ which
behaves as @™ ~ z27 in the boundary limit z — 0. From (18):

PO — | ] i (20)



1
[ ]
\ 1
0.8
[ ]
0iii5
006' .
0
[ ]
0.4
()
1 ~0.5
OE12 ..
i %, i)
0 o
0 2 4 6 8 10 0 2 4 6 8 10

Spacelike and timelike pion form factor from holographic model

gdt&sjb preliminary
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Diftfractive Dissociation of
Pion
by ~0 (1/k; )
| ¢ AL X1’kj1
T Xz’ka

* Measure Light-Front Wavefunction of Pion
* Two-gluon Exchange
¢ Minimal momentum transfer to nucleus

* Nucleus left Intact

Trento ECT* New Perspectives AdS/CFT

5-13-05 i Stan Brodsky, SLAC



Fluctuation of a Pion to a
Compact Color Dipole State

by ~0 (1/k, )
¢ X1, Ky 1
|
T >
T Xo, Kio
A A’

Color-Transparent Fock State For High Transverse
Momentum Di-Jets

i H Same Fock State
ot Determines Weak
3 it Decay



Fluctuation of a Pion to a
Compact Color Dipole State

Small Size Pion Can Kl
Interact Coherently on ! _{):‘ " i
Each Nucleon of il M
Nucleus il i #

M(mtA — JetJetA') = A'M(aN — JetJetN')F,(t)
do/dt(mtA — JetJetA') =

A%do/dt(nN — JetJetN')|Fy(t)|*

o o g—g ~ AY3

Diftractive Dijet Cross Section Color Transparent!

Ir C;l_tI(; _I(E)?T* New PCI‘Sp CCiigVeS AdS/CFT Stan Brodsky, SLAC



E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

0205 F 9450 F
o 200 | S 400 |
& 175 | Pt ® 350

150 300 &

125 ¢ 250

100 ¢ 200

75 £ 150 £

50 - 100 & -

25 & whigh 50 E ‘

Oo 01 02 03 04 Y0 02 04 06 08

g’ (GeV/c) a’ (GeV/c)



k; range (GeV/c) Q. a (CT)

1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5 < k<20 1.52 + 0.12 1.45
2.0 < k<25 1.55 + 0.16 1.60
S — Conventional Glauber
Theory Ruled Out !
Trento ECT* New Perspectives AAS/CFT

5-13-05

Stan Brodsky, SLAC
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Diffractive Dissociation of a
Pion into Dijets
A — JetJetA'
W (x k)

* E789 Fermilab Experiment 15 % k = 2.5 GeV/
D = K = £ AJAC

Ashery et al

- — Asy
50 [ CZ
* 500 GeV pions collide on 10 L
nuclei keeping it intact 0 -
e Measure momentum of two 20
jets 10 | |
Qgh'l'\\\\\\\\\\\\\\\\\\'"
O 0.2 0.4 0.6 0.8 1

* Study momentum distributions

. . X
of pion LF wavefunction

Trento ECT* New Perspectives AdS/CFT

5-13-0§ et Stan Brodsky, SLAC



THE g MOMENTUM WAVE FUNCTION

MEASURED BY DI-JETS
Fermilab E791 Collaboration, PRL 86, 4768 (2001)

50 |
40 |
30 |
20 |
10 |
: s b
0 ¥ N I I I I @il-m\\\w\\\\\w\\w\
O 0.2 04 0.6 0.8 1 0O 0.2 04 06 0.8 1
X X
1.5GeV/c < k¢ < 2.5GeV/c; Q? ~ 16 (GeV/c)? - P> > O.9¢,2Asy
1.25GeV/c < ky < 1.5GeV/e; Q? ~ 8 (GeV/c)? Possible Change of x

shape at small k

Trento ECT* New Perspectives AdS/CFT

5-13-0§ A Stan Brodsky, SLAC



THE ke DEPENDENCE OF DI-JETS YIELD

d

2
¢(U, kt)

s o |as(KP)G(X, kz)\ akz

With ¢ ~ 5, weak ¢(kf) and as(k2) dependences and G(x,k?) ~ k¢’ : 92 ~ Kk

ims ﬂ.
S Iy o
2 t ——
o
© 104 ____ GAUSSIAN
107
107 ]l “
:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1 12 1.4 16 18 2 22 24 26 28 3
k; GeV/¢c

High k- dependence

consistent with PQCD/
AdS/CET 124



Diffractive Dissociation of
Pion into Di-Jets

* Verify Color

Transparency!
2
e Pion Interacts MxA cxA
coherently on each
nucleon of nucleus !
e Pion Distribution P(x,k1) o x(1 —x)

similar to Asymptotic

Form Also:AdS/CFT

® Scaling in transverse

momentum consistent

with PQCD



Coulomb Dissociate Proton

to Three Jets at HERA

) P
3 Jets {

Measure W, (x;, k| ;) valence wavefunction of proton

Trento ECT* New Perspectives AdS/CFT

5-13-05 il Stan Brodsky, SLAC



* Light Front Wavefunctions:

‘\Ijh(P+>ﬁJ_)> = Z/ dz; 2k, Vn /b (25, ki X)) | PP+ kg, M)
n,\;

Conformal
Behavior:

) — (k

Model Form from PQCD
or AdS/CFT :

wn/h(mi, lgu', Ais lzi) Y

(gs NC) %(n—l)

VN

e
kT
(A

n+0,+0—1
A,
MQ e Eil—l—m + AQ




Near-Conformal Behavior of
LEWFs Lead to PQCD

Scaling Laws

Bjorken Scaling of DIS
Counting Rules of Structure Functions at large x

Dimensional Counting Rules for Exclusive
Processes and Form Factors

Conformal Relations between Observables

No Renormalization Scale Ambiguity
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Why is quark-interchange dominant over gluon
exchange?

Example: M(KTp — KTp) u—12

Exchange of common w quark

(a)

FIG. 1. The two basic types of interactions between
Ui g2 YA
M, QIM — f d k'J_dCU ¢C¢ D A¢ Aw B hadrons: (a) gluon interchange and (b) constituent in-
terchange.

Holographic model (Classical level):

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = AQch

LFWFs obey conformal symmetry producing
quark counting rules.

Trento ECT* New Perspectives AdS/CFT

5-13-05 t Stan Brodsky, SLAC



The remarkable anomalies of
proton-proton scattering

* Double spin correlations
* Single spin correlations

* Color transparency

Trento ECT* New Perspectives AdS/CFT

5-13-05 1y Stan Brodsky, SLAC



Spin Correlations in Elastic p — p Scattering

6

w

-

[

Ratio reaches 4:1!

RATIO OF SPINS-PARALLEL TO
"

L SPINS-ANTIPARALLEL CROSS SECTIONS

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

0 1 2 3 4 5 6
ENERGY-TRANSFER VARIABLE pT

Trento ECT* New Perspectives AdS/CFT

5-13-0§ i Stan Brodsky, SLAC



do
1T(pp — pp) at Oopr = /2

ENERGY OF INCIDENT PROTON (GeV) D] b
5 6 7 8 9 10 1 12 13

1

00T L 1 1 T T 1

10 =
5 . -
3
7 SPINS ANTIPARALLEL SPINS PARALLEL
f (110984 1) # LT 1O
g I -
m .
]

;| I— \\{

001 | | | |

0 2 3 4 5 6
ENERGY-TRANSFER VARIABLE pr

Collisions Between Spinning Protons (A. D. Krisch)

Scientific American, 255, 42-50 (August, 1987).

Trento ECT™
§5713-0§

New Perspectives AdS/CFT

Stan Brodsky, SLAC
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Collisions
Scientific Ame

tg 1.86
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82
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Trento ECT™*

5-13-05

Between Spinning Protons (A. i
rican, 255, 42-50 (August, 1987).

). Krisch)

i

4 6

ENERGY-TRANSFER VARIABLE
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What causes the Krisch Effect?

Largest spin-spin correlation in hadron physics!

An outstanding problem confronting QCD

Carlson, Lipkin, SJB: de Teramond, SJB:

Complete analysis of spin correlations Peaks in Ry associated with
pA, strangeness, charm thresholds

Interference of QIM and

Landshoff “Pinch” (triple scattering) Predict significant strangeness productior
contributions o(pp — sX) ~ 1 mb just above threshold

Predict significant charm production
o(pp — ¢cX) ~ 1 ub just above threshold

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 138 Stan Brodsky, SLAC
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i IHCITVRCRERA i it
! v,
ud@ 8¢ . QIM
at i TERHINTRITD ) Bt
P \/} d N \ \/ 5-2005
8717A1

F, (t)F 2(u)

(P}') PP) C

S _

i&.

K[,
~~

Trento ECT™
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._’1 { ~ 1 4
_..-S_Ef(ec.m.)a f(gc.m-) (1—-00529) .

The biggest failure of the interchange mechanisr
is in the spin correlation. For all angles we pre-
dict from Table I

1 1-(&)%
Am=3 Tr TG0 11
where
f(8) = f(n-#6)

X= F @)+ f(r=9) °

Thus A,, is predicted to be within 2% of 5 even
when x=1 [x=0 for the form in Eq. (3.6)]. The
data clearly indicate that A,, is not a constant
near 3. '

Our expectation, then, is that there is an addi-
tional amplitude which strongly interferes with the
quark-interchange contributions at Argonne ener-
gies; most plausibly, the quark-interchange con-
tribution is dominant at asymptotic ¢ and u#, and the
interfering amplitude is most important at low ¢
and #. As we shall discuss below, the behavior of
A, and A, in the interference region can play an
important role in sorting out the possible sub-
asymptotic contributions.

These results for the quark-interchange model
have also been obtained by Farrar, Gottlieb,
Sivers, and Thomas,'? who also consider the pos-
sibility that nonperturbative effects (quark-quark
scattering via instantons) can explain the data.

New Perspectives AAS/CEF'I

Stan Brodsky, SLAC
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S. J. Brodsky and G. F. de Teramond, "“Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Quark Interchange 4+ 8-Quark Resonance

luuduudeec > Strange and Charm Octoquark!

M =3 GeV, M =5 GeV.

_do(11)—das(1])
do(11)+do(1])

Ann

11.75 GeV/c

-0.2 | ] | | |
3 4 5

p_i [(Gevrc) 2]

Tre;l_tlc; _IEZ)?T* New Persp ec;ilves AT Stan Brodsky, SLAC




Test Color Transparency

99 (pA — pp(A—1)) — Z x L (pp — pp)

A.H. Mueller, SJB

Trento ECT* New Perspectives AdS/CFT

5-13-05 i Stan Brodsky, SLAC
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Color Transparency Ratio

proton;
proton,
o
do/dt for / c)0 proton,
126 --”\ o ©
Tpp‘
Z do/dt for

\ / protons;
proton, ,9\

J. L. S. Aclander et al., protony
“Nuclear transparency in 6., = 900
quasielastic A(p,2p) reactions,”
Phys. Rev. C 70, 015208 (2004), [arXiv:nucl-
ex,/0405025].

Trento ECT* New Perspectives AdS/CFT
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Color Transparency fails
when Ann is large

07 H | iy | 1 | 1 | g | p | y
T Mardor [1] +a-
Leksanov [2] +e~
0.6 {] Carroll-C [3] &1 -
o Carroll-Al [3] +&-
- @~ 1/R(s) —
il (s) ]
)
&
()
s 04 t
Q
(D)
&
= 0.3 .
3
o 02r 1
2 RELLANARREESC

= .“_\
01 1 i |—.—| pal
! 1 | 15
O L L L L L L | L

4 6 8 10 12 14 16 18
P+« Effective beam momentum [GeV/c]
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Eva

Experiment
BNL | |
06 _ , a e
0.4 i . ." '
0.2F |z .I'_:' ‘ ni’ﬁ'ﬁ"{ﬁg‘f I
l _,;,-”ﬂd. i ‘L&‘J
;Jlrln;:/‘l I’"'i ! L
— \ofs -
0.0 -~ " 8(13 \
| e
16 14 12 10 90 o Kd
P 8 6 o0

Rapid Angﬁlar Variation!
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problem waiting for solution/explanation

- NuTeV anomaly

5in%0,, determined from the ratio:

F 158 {Prelimmary

ni-ﬂ; Qe . R - C)-\Ii _G ’\t

P .

] TL\ O cc o CC
"L Bp

Czarnecki &
M areiano
{ AHMF)

-'".
Llweak

Assumptions:

* Isospin symmetry ie. u,(x)=d,(x)
(u in proton as d in neutron)

;r|
|]r'H.-"_ |,\_ I_:I. I'..'

SLID+LEP

* Sea momentum symma’rry
= s and

cC=cC

From talk by Y. Kolomensky
At SLAC summer institute, August 2004

» Nuclear effects common in
W and Z exchange

Trento ECT* New Perspectives AdS/CFT

5-13-0§ e Stan Brodsky, SLAC



Origin of Nuclear

Shadowing in Glauber -
Gribov Theory

g
: il
A Ji
N2

N

Interference of one-step and two-step processes
Interaction on upstream nucleon diffractive

Phase 1 X i = - 1 produces destructive interference
No Flux reaches down stream nucleon

Trento ECT* New Perspectives AdS/CFT

5-13-05 148 Stan Brodsky, SLAC



Final State Interaction
Produces Diffractive DIS

0

! / Quark Rescattering
-

,.Y*
Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)
q
Enberg, Hoyer, Ingelman, SJB
>
§ é q Hwang, Schmidt, SJB

Pl

1-2005
8711A18

Trento ECT* New Perspectives AdS/CFT

5-13-0§ 1) Stan Brodsky, SLAC



Anti-Shadowing

1.2
© EMC s E136
LU o NMc « E66s ©
Thien T Gl
8& : / 3 CT \.
EHN 0.9- Vwiallo fsl
0.8 %)
| Q’=5 GeV”
07— i
0.001 0.01 0.1 1
M. Hirai, S. Kumano and T. H. Nagai,
Shadowing x ;‘:;ilﬁsi: p?]r(’:c;):cac-li]stt-reisbljtion functiogns
Phys. Rev. C 70, 044905 (2004)
Trento ECT* New Perspectives AdS/CFfneepr/os040sk

5713705

Stan Brodsky, SLAC
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Nuclear Shadowing in QCD

1-2005
8711A31

Nuclear Shadowing not included in nuclear LFWF !

Trento ECT* New Perspectives AdS/CFT

5-13-0§ - Stan Brodsky, SLAC



Shadowing and Antishadowing in Lepton-Nucleus Scattering

e Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

e Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

e Antishadowing is Not Universal!
Electromagnetic and weak currents:
different nuclear effects !

Potentially significant for NuTeV Anomaly}

Tr e;l_tI(; _I?)gT* New PCI‘Sp CCItSiZVCS AdS/CFT Stan Brodsky, SLAC



Estimate 20% effect on extraction of sin? 6y
for NuTeV

Need new experimental studies of
antishadowing in

e Parity-violating DIS
e Spin Dependent DIS

e Charged and Neutral Current DIS

Trento ECT* New Perspectives AdS/CFT

5-13-05 1o Stan Brodsky, SLAC



Single-spin asymmetries

current
quark jet

final state
Interaction

spectator>

system

11-2001
8624A06

proton

Trento ECT* New Perspectives AdS/CFT
5713705 154

Sivers Effect

Stan Brodsky, SLAC



Measure c(x) in Deep Inelastic
Lepton-Proton Scattering

\

Hoyer, Peterson, SJB

0

Q,/

\;
()

y i

Mhoff

1-2005
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Intrinsic Charm in Proton

u B
[\ R REB ’C luudcé > Fluctuation in Proton
I "R QCD: Probability — QCD
It Gl it
i G OPE derivation - M.Polyakov et al.
BG il
u S cc 1in Color Octet
B d G
I G High x charm
8711A82
Distribution peaks at equal rapidity (velocity)
Therefore heavy particles carry the largest mo-
mentum fractions
In lete ¢7¢~ > Fluctuation in Positronium

contrast: QED: Probability %



o EMC data: c(z,Q?) > 30 x DGLAP
Q2 =75 GeV?, x = 0.42

e High zp pp — J/¥X

o High zp pp — J/J /X
e High xp pp — AcX

e High zp pp — N\ X

e High zp pp — =(ced) X (SELEX)

Trento ECT* New Perspectives AdS/CFT

5-13-05 i Stan Brodsky, SLAC



e IC Explains Anomalous a(zr) not a(zo)
dependence of pA — J/¢YX
(Mueller, Gunion, Tang, SJB)

o Color Octet IC Explains A2/3 behavior at
high z (NA3, Fermilab)
(Kopeliovitch, Schmidt, Soffer, SJB)

e IC Explains J/v¥ — pm puzzle
(Karliner, SJB)

e IC |leads to new effects in B decay
(Gardner, SJB)
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-

teractions,” Nucl. Phys. B 213, 31 (1983).
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Diffractive Dissociation of
Intrinsic Charm
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Coalescence of Comoving Charm and Valence Quarks
Produce J /4, A, and other Charm Hadrons at High xz

DIS 2003 Hard Diffraction
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Diffractive Dissociation of Intrinsic Charm
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J/w nuclear dependence vrs rapidity, x Ay, _XE

PHENIX compared to lower energy measurements
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Data favors (weak) shadowing + (weak)
absorption (a > 0.92)

With limited statistics difficult to disentangle
nuclear effects

Will need another dAu run! (more pp data also)
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Not universal versus X2 : shadowing is not

the main story.
BUT does scale with xp ! - why?

(Initial-state gluon energy loss -which goes
as x1~xf - expected to be weak at

RHIC energy)
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Intrinsic Charm Mechanism
for Double Diffraction
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Intrinsic cc pair formed in color octet 8¢ in pro-
ton wavefunction  Large Color Dipole
Collision produces color-singlet J /1 through

Schmidt color exchange

Soffer, sjb RHIC Experiment
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New Test of Intrinsic Charm
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Doubly Diffractive DIS Reactions
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Charm produced at high gy and small pp
in proton fragmentation region
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New Mechanism for Forward Higgs production

Doubly Diffractive
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Kopeliovitch, Schmidt, Softer,
S|B
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Nuclear Chromodynamics

The Emergence of Nuclei from QCD. Studies of scattering between two nucleons at low
energy demonstrate that their interactions can be described in part in terms of the exchange of
mesons. This insight is the basis for many successful models of nuclear structure. However, the
fundamental constituents of nuclei are quarks and gluons, whose interactions are described by
QCD. Both nucleons and mesons are composites of quarks, that can not exist in isolation due to
confinement. This leads to some of the most fundamental questions in modern nuclear physics:

e How do the nucleon-based models of nuclear physics with interacting nucleons and mesons
arise as an approximation to the quark-gluon picture of QCD?

e In probing ever-shorter distances within the nucleus, what is the role of the fundamental
constituents of QCD — quarks and gluons — in the description of nuclei?

e Does the nuclear environment modify the quark-gluon structure of nucleons and mesons?

Rigorous Hidden Color!

Pre((lgi(é:iI()):n i EMC and Anti-Shadowing
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S. J. Brodsky, C. E. Carlson and R. Suaya,
“Charge Asymmetry In ete™ — ~+ Hadrons:
New Tests Of The Quark - Parton Model And Fractional Charge,”
Phys. Rev. D 14, 2264 (1976).

+ (g+3q)
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S. J. Brodsky, C. E. Carlson and R. Suaya,
“Charge Asymmetry In eTe™ — v+ Hadrons:
New Tests Of The Quark - Parton Model And Fractional Charge,”

Phys. Rev. D 14, 2264 (1976).

Quantum -numbev sum vules. We can define the
effective multiplicity of hadron #z from fragmenta-
tion of quark g as

nl =f1 dx Dl(x). (10)

R(S)x _ Ah Then
h ) kodO'/dSdep +k0d:0'/d3kdﬂﬁ ’1 2
‘ €
l RP(x)dx = Z : 5 (ng +n3)

=% St - D). .
_ = +n5) 2 7 (11)
do(e*e” =~ yhX) do(e*e” = yhX) “

(@k/k)dQ,dx ~ (d°k/k)d Q5 dx
Charged-

Ay =E
| 1 do, . _
"y, +n—,;=;-£ dx—d—;(e e~ —hX)

is the hadron multiplicity in e*e~ annihilation. The

CUbed Sum integral of the hadron asymmetry is
Rule! [ axpw =3 St -, (12)

Note that Eq. (12) is convergent because of the
absence of the Pomeron contribution.
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New Application: Timelike DVCS

Apply BCS to Exclusive Processes

Timelike ete™ — 7T+7T_’}/

Measure ‘“‘timelike annihilation” DVCS
v =ty

Interferes with Bremsstrahlung from the an-
nihilating leptons.

Electron-Positron asymmetry measures in-
terference of pion form factor and DVCS am-

(b)

plitude.
Afanasey, Re MT(+* = ntn=) x M(v* — n+m—m)
SJB,
CEC? Extend to all hadron pairs.

Single spin asymmetries give conjugate phase.
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Conformal symmetry:

Template for QCD

* Initial approximation to PQCD; correct for non-
zero beta function

e Commensurate scale relations: relate observables
at corresponding scales

o Infrared fixed-point for a

* Effective Charges: analytic at quark mass

thresholds

* Eigensolutions of Evolution Equations
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Solving the LF Heisenberg
Equation

* Discretized Light-Cone Quantization

* 'Iransverse Lattice

* Bethe-Salpeter/Dyson Schwinger at fixed LF time
* Use AdS/CFT solutions as starting point!

* Many model field theories solved

¢ Structure of Solutions known
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Quantum Chromodynamics

e A Scientific Revolution for Nuclear and Hadron
Physics

* Novel features of Nuclear Chromodynamics:
Hidden Color, Color Transparency

* Conformal Aspects of QCD

® The N-N Interaction in QCD

* Origin of Shadowing & Anti-Shadowing
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